The dorsoventral (DV) axis of the Drosophila embryo is patterned by a nuclear gradient of the Rel family transcription factor, Dorsal (Dl), that activates or represses numerous target genes in a region-specific manner. Here, we demonstrate that signaling by receptor tyrosine kinases (RTK) reduces nuclear levels and transcriptional activity of Dl, both at the poles and in the mid-body of the embryo. These effects depend on wntD, which encodes a Dl antagonist belonging to the Wingless/Wnt family of secreted factors. Specifically, we show that, via relief of Groucho-and Capicua-mediated repression, the Torso and EGFR RTK pathways induce expression of WntD, which in turn limits Dl nuclear localization at the poles and along the DV axis. Furthermore, this RTK-dependent control of Dl is important for restricting expression of its targets in both contexts. Thus, our results reveal a new mechanism of crosstalk, whereby RTK signals modulate the spatial distribution and activity of a developmental morphogen in vivo.
INTRODUCTION
Dorsoventral (DV) patterning in the Drosophila embryo depends on the ventral-to-dorsal nuclear concentration gradient of Dorsal (Dl) (Rogers and Schier, 2011) . Dl is a Rel family transcription factor that regulates the expression of over 50 target genes in a concentration-dependent manner (Reeves and Stathopoulos, 2009 ). Region-specific transcriptional control by nuclear Dl subdivides the embryo into three germ layers: regions exposed to high, medium and low levels of nuclear Dl ultimately give rise to mesoderm, neuroectoderm and dorsal ectoderm, respectively (Chopra and Levine, 2009; Stathopoulos and Levine, 2002) .
Dl is a bi-functional transcription factor that either activates or represses expression of its targets, depending on promoter context. It activates mesoderm-determining genes such as twist and snail (sna) (Ip et al., 1992; Jiang et al., 1991; Pan et al., 1991) ; yet, in the same nuclei it also represses, together with auxiliary proteins, the expression of dorsalizing genes such as decapentaplegic (dpp) and zerknüllt (zen) (Huang et al., 1993; Jiang et al., 1991) . Notably, both modes of Dl-dependent transcriptional regulation appear inactivated at the embryonic poles where, correspondingly, sna is not expressed and dpp and zen are transcribed.
Previous work has suggested that the Torso RTK pathway affects expression of Dl targets at the termini (Casanova, 1991; Goldstein et al., 1999; Häder et al., 2000; Rusch and Levine, 1994) . Torsomediated signaling specifies terminal cell fates by locally activating mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/Erk), which then phosphorylates and downregulates the general repressors Capicua (Cic) and Groucho (Gro) (Astigarraga et al., 2007; Cinnamon et al., 2008; Goff et al., 2001; Häder et al., 2000; Jiménez et al., 2000; Liaw et al., 1995; Paroush et al., 1997) . Cic and Gro have been implicated in repression of zen and dpp (Dubnicoff et al., 1997; Jiménez et al., 2000) , providing a mechanism by which Torso controls Dl targets. In addition, Torso signaling induces other genes such as tailless (tll) and huckebein (hkb) (Brönner and Jäckle, 1991; Pignoni et al., 1990) , and Hkb represses sna transcription at the termini (Reuter and Leptin, 1994; Goldstein et al., 1999) . In both cases, the Torso pathway impinges on the transcriptional interpretation of the Dl gradient.
Here, we demonstrate that the Torso pathway also modulates the Dl gradient itself. We find that by downregulating Cic and Gro repression, Torso signaling induces expression of wnt inhibitor of Dorsal (wntD), a gene belonging to the Wingless/Wnt family and encoding a Dl antagonist (Ganguly et al., 2005; Gordon et al., 2005) . As wntD is also positively regulated by Dl (Ganguly et al., 2005; Gordon et al., 2005; Zeitlinger et al., 2007) , its expression occurs at the intersection between the domains of Dl and activated MAPK/Erk, where it reduces the nuclear levels of Dl. Using loss and gain-offunction assays, we show that Torso signaling acts as a gating mechanism that restricts expression of multiple Dl target genes at the poles. Remarkably, a similar mechanism operates in the trunk region: Dl and EGFR signaling induce WntD, which in turn downregulates Dl and limits expression of its targets along the DV axis. In both contexts, inactivation of wntD results in altered expression patterns of multiple Dl targets. Our results thus identify wntD as a crucial node for crosstalk between RTK signaling and the Dl morphogen.
MATERIALS AND METHODS

Fly culture and stocks
Flies were cultured and crossed on yeast-cornmeal-molasses-malt extractagar medium at 25°C. (Cinnamon et al., 2008; Helman et al., 2011) , Cic C2 (Astigarraga et al., 2007) , cic 1 
In situ hybridization and antibody staining
Embryos were dechorionated in bleach and fixed in 8% formaldehyde/PBS/heptane for 15-20 minutes. Expression patterns of sog, l'sc and wntD were visualized by whole-mount in situ hybridization using RESEARCH ARTICLE RTK signals reshape Dl gradient digoxigenin-UTP-labeled antisense RNA probes and anti-digoxigenin antibodies conjugated to alkaline phosphatase (Roche). Fluorescence in situ hybridization for sna and vnd was performed as described elsewhere .
Fluorescent immunodetection of activated MAPK/Erk in freshly fixed embryos (10% formaldehyde/PBS/Heptane buffer) was attained using rabbit dpERK (1:100; Cell Signaling) (Helman and Paroush, 2010) . Other antibodies used were: mouse Dorsal (1:100; Developmental Studies Hybridoma Bank), rabbit Ind (1:1000; kindly provided by Tonia von Ohlen, Kansas State University, USA), rat Vnd (1:1000) (Helman et al., 2011) , rat Odd (1:200; Asian Distribution Center for Segmentation Antibodies, Mishima, Japan), rabbit Lamin (1:500; kindly provided by Yosef Gruenbaum, The Hebrew University of Jerusalem, Israel), guinea pig Brk and Sna (1:500 and 1:200, respectively; kindly provided by Jessica Cande (IBDML, Marseille, France) and Mike Levine (UC Berkeley, USA) and sheep anti-DIG (1:200; Roche). Secondary antibodies were FITC-(1:2000), rhodamine-(1:2000) or Cy5-conjugated (1:800) (Jackson Laboratories). Embryos were mounted using DakoCytomation medium.
Microscopy and imaging
To minimize nonspecific effects caused by differential antibody or RNA probe concentrations and/or duration of staining reactions, wild-type control embryos expressing Histone-GFP (distinguishable by GFP expression) were mixed together with mutant embryos and simultaneously fixed and processed. Embryos were visualized, at ϫ20 and ϫ40 magnification, using a TE2000 inverted confocal laser scanning system (Nikon, Tokyo, Japan). Consecutive Z stakes were taken using a small aperture and converged to create a single image using EZ-C1 software (Nikon).
Imaging for quantification was performed on a Zeiss LSM510 confocal microscope. For lateral imaging of embryos, Zeiss 20ϫA-plan objective (NA0.6) was used and images were obtained from a focal plane in the mid-sagittal plan cross section of an embryo. For end-on imaging, Zeiss 40ϫ C-Apo water-immersion objective (NA1.2) was used and images were collected from a focal plane ~75 m from either the anterior or posterior pole of an embryo.
To minimize variability brought about by the dynamics of the Dl gradient, the distribution of nuclear Dl and expression of its targets was quantified in embryos at late nuclear cycle 14, just before gastrulation. This stage was determined based on the appearance of ventrolateral dpERK staining and on the elongated, oval shape of nuclei (revealed by DAPI staining), both of which are observable ~30 minutes after the onset of cycle 14. Embryos doubly mutant for rho and vn do not stain for dpERK, and were therefore staged only by the shape of their nuclei.
Spatial gradients of nuclear Dl and dpERK, or of wntD and sna mRNA, were extracted from confocal images of stained embryos using the previously described MATLAB image processing program . For imaging nuclear Dl gradients, DAPI staining was used as a nuclear mask to indicate the position of nuclei. The mask was subsequently used to quantify the nuclear concentration of Dl protein along the ventralto-dorsal axis. For dpERK, wntD and sna expression profiles, cytoplasmic signals were also quantified.
For lateral imaging, images were pre-oriented so that the measurement starts from the mid-ventral point of an embryo. For end-on imaging, the raw nuclear Dl gradient was fitted to a Gaussian curve and the fits were used to find the ventral-most position of the embryo, which corresponds to the maximum of the fit. For each embryo, two values of the nuclear Dl gradient were extracted (from left and right of the ventral-most point, up to the dorsal side). 
RESULTS
Torso signaling excludes expression of multiple Dorsal target genes from the embryonic poles As indicated above, previous studies had shown that expression of two Dl target genes, sna and zen, is controlled by Torso signaling at the level of transcription. Correspondingly, the Sna protein is excluded from the termini of wild-type embryos (particularly from the posterior pole), but is detectable in the termini of DSor (Drosophila MEK) mutant embryos (Fig. 1A ,F, respectively). To determine whether the Torso pathway influences Dl-mediated transcriptional activity more broadly, we analyzed the expression profiles of multiple Dl target genes in embryos lacking Ras/MAPK signaling activity. We find that additional primary Dl targets, typically transcribed in the presumptive neuroectoderm, are ectopically expressed at the pole regions of DSor mutant embryos. One example is ventral nervous system defective (vnd), a gene normally activated by Dl in two ventrolateral longitudinal stripes, one on either side, that extend along the trunk region of the embryo (Cowden and Levine, 2003; von Ohlen and Doe, 2000) . The Vnd protein is never detected in terminal regions of wild-type embryos (Fig. 1B) , but in the absence of MAPK/Erk activity it expands to the termini (Fig. 1G) . Similarly, other Dl targets, such as Brinker (Brk) and short gastrulation (sog), the expression of which is normally restricted to medial regions of the embryo at this stage
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Development 139 (16) (Markstein et al., 2004; Zhang et al., 2001) , are detected throughout the anterior and posterior tips of DSor mutants (Fig. 1H,I ). To confirm that these effects result from loss of Torso pathway activity, we also analyzed expression of the Dl target, Brk, in trunk mutant embryos, where Torso is never activated (Furriols et al., 1996) . In this genetic background, Brk is expressed at the embryonic termini (supplementary material Fig. S1B) . Conversely, the expression domains of Sna, Vnd, Brk and sog all retract to more central positions in tor Y9 embryos, where Torso is overactivated ( Fig. 1K-N) (Halfar et al., 2001) . These results support the idea that Torso signaling restricts expression of Dlregulated genes at the embryonic poles.
Torso signaling opposes nuclear localization of Dorsal at the termini One possible explanation of the above results is that Torso signaling induces a transcriptional repressor that negatively regulates multiple Dl-activated genes at the termini (see Discussion). However, Torso signaling might also act at the level of Dl itself. but graded distribution of nuclear Dl is also evident along the anteroposterior axis: Dl is largely nuclear at the center of the embryo, but this accumulation declines towards the termini ( Fig.  2A,E,I ). We find that in DSor mutants, where Torso signaling is abolished, Dl is nuclear even in terminal regions (Fig. 2B,F) , an effect that is also observed in trunk mutants ( Fig. 2J,M; see Fig. 2N and supplementary material Fig. S2A for quantification of nuclear Dl in trunk versus wild-type embryos). Reciprocally, tor Y9 mutant embryos exhibit reduced levels of nuclear Dl, even in ventrocentral positions (Fig. 2C,G,K) . Collectively, these results indicate that Ras/MAPK signaling negatively regulates nuclear levels of Dl.
Torso signaling induces expression of the Dorsal feedback inhibitor wntD How could the Torso pathway affect the nuclear localization of Dl? Two reasons led us to consider the possibility that WntD, a novel member of the Wingless/Wnt family of secreted factors, links Torso signaling to Dl. One, the wntD gene, known to be activated by Dl, is transcribed in the ventral part of both embryonic poles at stage 4, when the Torso pathway is active (Fig. 1E ) (Ganguly et al., 2005; Gordon et al., 2005; Zeitlinger et al., 2007) ; its expression, therefore, might also require a positive input by the Torso pathway. Two, wntD encodes an antagonist of Dl nuclear localization, and could thus impinge on the expression of various Dl targets (Ganguly et al., 2005; Gordon et al., 2005) . We therefore hypothesized that wntD expression is induced by both Torso signaling and Dl, and that subsequently WntD activity decreases nuclear Dl at the termini. To test this model, we triple stained wild-type embryos for wntD expression, nuclear Dl and doubly phosphorylated MAPK/Erk (dpERK) that serves as readout for Torso signaling activity. This showed that wntD is expressed precisely where nuclear Dl and dpERK intersect (Fig. 3A,AЈ) . Furthermore, quantification of these images showed that, indeed, levels of wntD transcripts inversely correlate with levels of nuclear Dl in ventral positions of both poles, consistent with downregulation of Dl by WntD (Fig. 3B) . We also found that wntD expression is absent at the termini of DSor and trunk mutant embryos ( Fig. 1J and supplementary material Fig. S1D ), whereas ectopic wntD transcription occurs along the ventral side of tor Y9 embryos, overlapping with the domain of nuclear Dl ( Fig. 1O and supplementary material Fig.  S3 ). It is notable that these wntD responses are unique, given that expression of other positively regulated Dl targets expands or retracts when Torso signaling is abrogated or overactivated, respectively ( Fig. 1F-I,K-N) . Significantly, in wntD mutants the expression of multiple Dl targets expands towards the termini (Fig. 1P-T and supplementary material Fig. S4) , consistent with the accumulation of nuclear Dl at this position (Fig. 2D ,H,L; see Fig. 2O and supplementary material Fig. S2B for quantification of nuclear Dl in wntD versus wild-type embryos). Thus, our data indicate that Torso signaling, acting via wntD, downregulates Dl nuclear levels and expression of its targets at the embryonic poles. At the same time, these effects are milder than those observed in DSor and trunk mutants (Fig. 1F-I and supplementary material Fig. S1 ), suggesting the existence of additional mechanism(s) by which Torso negatively regulates Dl targets (see Discussion).
EGFR signaling induces wntD expression and reshapes the gradient of nuclear Dorsal
Later in development, at stage 5/6, expression of wntD delineates the border between the presumptive mesoderm and neuroectoderm, where both Dl and EGFR RTK activities converge (Fig. 3C,CЈ) 
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RTK signals reshape Dl gradient (Ganguly et al., 2005; Gordon et al., 2005) . Here, too, we find that wntD expression is lost in either DSor or Egfr mutant embryos (Fig. 4A-C) , as in dl mutants (Ganguly et al., 2005) , indicating that wntD is activated by EGFR and Dl in combination, and that both regulatory inputs are required. We therefore asked whether, similar to the Torso pathway, EGFR signaling also acts through WntD to influence the Dl gradient. To this end, we quantified levels of nuclear Dl in wild-type embryos, and in wntD and rhomboid vein mutants (rho vn; in this genetic background, EGFR ligands are absent and the pathway is inactive). To minimize the influence of dynamic changes in formation of the Dl gradient, the distribution of Dl was quantified specifically in stage 6 embryos at late nuclear cycle 14, right before gastrulation (see Materials and methods). Strikingly, we find that levels of nuclear Dl are significantly higher in wntD and rho vn mutants than in wild-type embryos ( Fig. 4D-F ; quantification presented in Fig. 4G ,H and supplementary material Fig. S2C,D) .
Statistical significance of this result was established in two different ways. First, by fitting the gradients to the Gaussian profile, we determined that the amplitude of the nuclear Dl gradient, in both of these mutant backgrounds, showed statistically significant increase relative to the amplitude of the wild-type gradient (P<0.001). Second, we performed a pair-wise comparison of nuclear Dl levels between each of these mutant backgrounds and wild-type embryos at multiple points along the DV axis. Based on this analysis, we established that removal of wntD causes expanded nuclear accumulation of Dl in at least the ventral 30% of the DV axis (supplementary material Fig. S5 ). Taken together, these results strongly indicate that the EGFR pathway induces wntD expression and in this way restricts Dl nuclear localization along the DV axis.
WntD limits Dorsal target gene expression
To determine whether WntD-dependent regulation of nuclear Dl affects DV patterning, we quantified the widths of expression domains for several Dl targets in wild-type and mutant embryos (Fig. 5) . Thus, we find that the Sna domain expands in stage 6 wntD and DSor mutants, relative to wild-type controls ( Fig. 5D-F ; note that the effect is more pronounced at the posterior of the embryo). Furthermore, quantification shows that the level of sna expression is significantly higher in wntD mutants, consistent with the increased levels of nuclear Dl in this genetic background ( Fig.  5A-C; supplementary material Fig. S2E) . Similarly, the expression domains of two additional Dl targets, Intermediate neuroblasts defective (Ind) and lethal of scute (l'sc), expand along the DV axis in wntD mutants ( Fig. 5G-I; supplementary material Fig. S6 ). Noteworthy, wntD and wild-type embryos are of similar size, ruling out the possibility that these effects are simply due to size differences (supplementary material Fig. S7 ). We therefore conclude that wntD expression, under the control of EGFR signaling, plays an important role in regulating Dl activity and, correspondingly, the expression of multiple Dl targets along the DV axis.
Induction of wntD requires relief of Groucho-and Capicua-mediated repression
Our work shows that wntD is a novel target of the terminal system, which (together with Dl) induces localized wntD expression. Activation of other known Torso pathway targets, such as hkb and tll, relies on relief of repression. Acting downstream of Torso,
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Development 139 (16) MAPK/Erk phosphorylates and downregulates Cic and Gro, enabling localized induction of tll and hkb by broadly distributed activators. We find that, similarly, wntD is subject to repression by Cic and Gro, that is alleviated by the Torso pathway. Thus, wntD expression expands medially in embryos devoid of maternal gro or cic, albeit only in ventral positions where Dl is nuclear (Fig. 6A-C) . Accordingly, in both mutant backgrounds the levels of nuclear Dl are significantly reduced (Fig. 6D-I ), resembling the effects observed in tor Y9 embryos (Fig. 1O, Fig. 2C ,G,K). Furthermore, the lower Dl nuclear concentration in gro and cic embryos correlates with decreased Dl target gene expression; for example, both mutant backgrounds exhibit attenuated Vnd expression in the lateral ectoderm (Fig. 6J-L) .
In support of these results, we find that expression of unphosphorylatable variants of both Gro (Gro AA ) and Cic (Cic C2 ), which are insensitive to Torso-mediated downregulation (Astigarraga et al., 2007; Cinnamon et al., 2008; Hasson et al., 2005) , reduce wntD mRNA levels (supplementary material Fig.  S8 ). This effect is comparable with that caused by mutations in DSor and trunk ( Fig. 1J; supplementary material Fig. S1D ). Thus, blocking Gro and Cic downregulation mimics the effect caused by the loss of Torso signaling, indicating that wntD expression is induced through derepression.
DISCUSSION
Specification of body axes in all metazoans is initiated by a small number of inductive signals that must be integrated in time and space to control complex and unique patterns of gene expression. It is therefore of utmost importance to unravel the mechanisms underlying crosstalk between different signaling cues that concur during early development. Here, we have elucidated a novel signal integration mechanism that coordinates RTK signaling pathways with the Dl nuclear gradient, and thus with terminal and DV patterning of the Drosophila embryo. Previous work had identified an input by Torso signaling into specific transcriptional effects of Dl. Our results establish a general mechanism, which involves RTK-dependent control of the nuclear Dl gradient itself, and thus affects a large group of Dl targets. This regulatory input is based on RTK-dependent derepression of wntD, a Dl target that encodes a feedback inhibitor of the Dl gradient. Thus, Dl activates wntD effectively only when accompanied by RTK signaling, enabling region-specific negative-feedback control of the nuclear Dl gradient (Fig. 7) . In the absence of RTK signaling, wntD is not expressed and the levels of nuclear Dl are elevated. Consequently, Dl target genes are ectopically expressed, both at the poles and along the DV axis (Figs 1, 5) .
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Torso RTK signaling depends on maternal cues and is independent of the Dl gradient. Thus, it can be viewed as a gating signal that operates only at the embryonic poles, where it controls Dl-dependent gene regulation. However, the activity of the EGFR RTK pathway later on in development crucially depends on Dl, which induces the neuroectodermal expression of rhomboid, a gene encoding a serine protease required for processing of the EGFR ligand Spitz (Bang and Kintner, 2000) . In this case, EGFR-dependent induction of WntD represents a negative feedback loop that reduces nuclear levels of Dl laterally and, consequently, limits the expression of multiple Dl targets along the DV axis (Fig. 7) . It should be noted that the regulatory interactions that we have characterized do not preclude the existence of other mechanisms modulating nuclear Dl concentration or activity. For example, the progressive dilution or degradation of maternal components involved in Toll receptor activation upstream of Dl should cause reduced Dl nuclear accumulation and retraction of its targets as development proceeds. It is also possible that Torso-or EGFR-induced repressors block transcription of Dl target genes directly. Accordingly, the ectopic sna expression observed in embryos mutant for components of the Torso pathway such as DSor and trunk probably reflects both loss of WntD activity on Dl and loss of Hkb-mediated repression of sna. In this context, it is interesting to note that sna expression expands and colocalizes with Hkb at the poles of wntD mutants (Fig.  1P) (Ganguly et al., 2005) ; perhaps repression of sna by Hkb is not sufficient to override increased Dl activation in this genetic background. Thus, the Torso pathway probably employs more than one mechanism to exclude Dl target expression from the termini. Furthermore, the existence of such additional regulatory mechanisms could explain why wntD mutants do not have a clear developmental phenotype, despite the broad effects on Dl-dependent gene expression patterns caused by the genetic removal of wntD (this study) (Ganguly et al., 2005; Gordon et al., 2005) . We propose that corrective mechanisms are present, which make the terminal and DV systems robust with respect to removal of the WntD-based feedback, such as RTK-induced repressors. Understanding the basis of this robustness will require additional studies.
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Our work shows that RTK-dependent relief of Gro-and Cicmediated repression is essential for transcriptional activation of wntD by Dl. Correspondingly, in the absence of cic or gro, the early expression of wntD expands ventrally throughout the domain of nuclear Dl. The early onset of this derepression, and the presence of at least one conserved Cic-binding site in the proximal upstream region of wntD (M.J.A. and G.J., unpublished), indicate that repression of wntD may be direct. Interestingly, it is thought that Gro and Cic are also involved in assisting Dl-mediated repression of other targets such as dpp and zen, as gro and cic mutant embryos show derepression of those targets in ventral regions (Dubnicoff et al., 1997; Jiménez et al., 2000; Ratnaparkhi et al., 2006) . However, as ectopic wntD expression in these mutants leads to reduced nuclear localization of Dl along the ventral region, it is conceivable that decreased Dl activity also contributes to the derepression of dpp and zen.
In conclusion, the data presented herein demonstrate RTKdependent control of nuclear Dl via wntD, based on multiple regulatory inputs, including negative gating, feed-forward loops and negative feedback control. Together, these mechanisms provide additional combinatorial tiers of spatiotemporal regulation to Dl target gene expression. Future studies will show whether other signal transduction cascades and/or additional developmental cues also impinge on the Dl morphogen gradient. Early, at stage 4, the Torso pathway is activated independently of Dl; hence, it acts, via wntD, as a gating mechanism that blocks Dlmediated activation and repression at the embryonic poles. Later on in development, at stage 6, Dl-dependent EGFR pathway activity provides a negative-feedback regulatory mechanism that restricts Dl target gene expression along the DV axis. Embryos are oriented with anterior to the left and dorsal side upwards.
